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This article has been accepted for publication and undergone full peer review but has not been through the copyediting, typesetting, pagination and proofreading process which may lead to differences between this version and the Version of Record. Please cite this article as doi: 10.1002/hyp.10863 This article is protected by copyright. All rights reserved. (Walling and Webb, 1992; Webb et al., 2008) . The life-cycles of lotic biota are regulated by river temperature variations (Gore, 1992; Everall et al., 2015) . Water temperature (Tw) also indirectly influences bulk density which causes thermal stratification in standing water bodies. In this way, temperature influences chemical and biochemical processes in the individual stratified layers (epilimnion and hypolimnion) (Pekarova et al., 2011) . Changes in the thermal regime of river systems may result in the disruption of established patterns of synchrony between the aquatic communities (Woodward et al., 2010; Marković et al., 2013) .
TRENDS AND MULTI-ANNUAL VARIABILITY OF WATER TEMPERATURES
Incoming solar radiation is commonly perceived as the major component of the heat budget of river systems. These effects are mostly modified by contributions from the river discharge, bed friction, riparian vegetation, groundwater-related heat transport and various anthropogenic perturbations such as thermal pollution, embankments and deforestation (Webb et al., 2008; Olden and Naiman, 2010) . According to Webb and Zhang (1997, 1999) who investigated 17 sites located mainly in South-West England, and in other parts of the UK, radiative fluxes accounted for more than 70% of heat inputs. Air temperature (Ta) is often used as a first approximation of Tw. However, while Tw and Ta can co-vary, the strength of the relationship varies between regions, through time, and can be highly site specific (Hannah et al., 2008; Garner et al., 2013; Johnson et al., 2014; Wilby et al., 2014) , for example, due to the influence of river flow (Webb et al., 2003; Pekarova et al., 2008) .
The relationship between Ta and Tw is important as it could show how the temperature of a stream might respond to future climate variability and change (Morrill et al., 2001 (Morrill et al., , 2005 . Tw is a dynamic parameter, which reflects the geophysical and climatic characteristics of the watershed as well as the locally dominant hydrological pathways. In this paper, we explore the relationship between Ta and Tw. Since water has a higher specific heat capacity than air many studies regard Tw as a stable indicator of long-term trends (Pekarova et al., 2008; Pedersen and Sand-Jensen, 2007) . Moreover, increased stream Tw, as well as increased heat flow in a river, are probably indicative of warming of the aquatic environment (Pekarova et al., 2008) .
Past river Tw trends and variability have not been exhaustively investigated partly due to a lack of long, reliable and unbroken records (Webb and Nobilis, 2007) . Most investigations are site specific (single station, e.g. Pekarova et al., 2011) or considere only a small number of locations within a national station network (e.g. Webb and Nobilis, 2007; Bonacci et al., 2008; Kaushal et al., 2010; Langan et al., 2001; Bartholow, 2005; Hari et al., 2006; Moatar and Gailhard, 2006) . Studies of long-term trends in large European and US rivers suggest that up to two thirds of warming during the 20 th century may be attributed to human-induced changes in flow regime, discharges of treated wastewater, heated water and urbanization (Webb and Nobilis, 1994; Huguet et al., 2008; Kaushal et al., 2010) . Significant changes in river Tw are also expected to occur in the 21 st century as a consequence of climate change (e.g. Webb, 1996; Mohseni et al., 2003; Webb and Walsh, 2004) .
The impacts of large modes of climate variability such as the North Atlantic Oscillation (NAO) and East Atlantic Oscillation (EAO) on fluctuations in river Tw and discharge have been investigated (e.g. Kucuk et al., 2009; Hosseinzadeh Talaee et al., 2012; Cullen et al., 2002; Trigo et al., 2004; Rîmbu et al., 2002; Webb and Nobilis, 2007; Tabari et al., 2013) . NAO is the dominant mode of atmospheric behaviour in the North Atlantic throughout the year, and is most prominent during winter. Unkašević and Tošić (2013) found that NAO influenced the Serbian extreme Ta variability during winter and summer but the effects of EAO were greater. The EAO pattern is seen as the second prominent mode of lowfrequency variability over the North Atlantic, and appears as a leading mode in all months.
The EAO pattern consists of a north-south dipole of anomaly centres spanning the North
Atlantic from east to west and it is structurally similar to the NAO. The anomaly centres of the EAO pattern are displaced south-eastward to the approximate nodal lines of the NAO pattern marking EAO pattern as southward shifted NAO (Barnston and Livezey, 1987) . (Schiller et al., 2010) . The Danube in Serbia is approximately 588 km long. Gradište is near to the river station with the same name. The datasets were obtained from the RHMZ.
Technique description
The RHtestsV4 software package was used to detect, and adjust for multiple shifts in a data series and that may have first order autoregressive errors (Wang et al., 2007; Wang 2008a Wang , 2008b The annual heat flow, Z t , for every gauging station (referenced to 0°C) was also calculated using To: (2) where Q is the average annual discharge (m 3 /s), ς is the density of water (1000 kg m 3 ), c is the specific heat capacity of water (4186.6 J/kgK), and Z t is the annual heat flow (J/s). Z t , by definition indicates the annual heat transfer in the river profile. An increased heat flow in a river, could be viewed as a signal that the water environment is warming (Pekarova et al., 2008) .
Locally weighted scatter point smoothing (LOWESS) was used to smooth variability in the raw data. LOWESS was applied in order to visualy identify the presence of the trend.
This nonparametric method relaxes the linearity assumptions of conventional regression methods. For this algorithm local linear polynomial fit was used. A similar approach was used by Webb and Nobilis (2007) . The Mann-Kendall (MK) nonparametric test was used to evaluate the presence of long-term trends in the time series (Mann, 1945; Kendall, 1976) . The presence of a positive serial correlation in a data set can increase the expected number of false positive outcomes for the Mann-Kendall test (von Storch and Navarra, 1995) . Therefore the Yue-Pilon (Yue et al., 2002) pre-whitening approach was applied to the time series prior to application of the Mann-Kendall test. First, the slope of the trend in each time series was estimated using the Theil-Sen approach (TSA). If the slope was found to differ from zero, the identified trend was assumed to be linear and subtracted from the sample data. The resulting residual series is referred to as the detrended series. Next, the lag-1 serial correlation coefficient of the detrended series was computed and removed from the series. Finally, the identified trend and the modified residual series were combined, and the Mann-Kendall test was applied to this combined series to assess the significance of the trend (Yue et al., 2002) .
We used R package "ZYP" (http://www.r-project.org).
The rescaled adjusted partial sums (RAPS) method (Garbrecht and Fernandez, 1994) was used for identifying dates of potential change in the time series. RAPS is a visualisation approach that highlights trends, shifts, data clustering, irregular variations and periodicities in the record (Garbrecht and Fernandez, 1994) . Values of RAPS, for each observation in the time series are calculated by:
where Y is the sample mean; S y is the variance; n is the number of values in the time series; and k is counter limit of the current summation that varies between 0 and n and Y t is the time series being analyzed. Decreasing patterns in the RAPS are the consequence of generally below-average Y t values, whereas increasing patterns are the result of periods mostly when Y t is above-average values (Fiorillo et al., 2014) . The RAPS approach highlights shorter and systematic periods of increase or decrease within the record that might not be This article is protected by copyright. All rights reserved.
visible in the time series itself. In contrast, the Mann-Kendall trend test looks for trends throughout the entire record.
The relationship between Ta and Tw was investigated using three regression models: linear, polynomial, and logistic. Linear regression is the simplest model and is widely used to model Tw from Ta (Eq 4) (e.g. Mackey and Berrie, 1991; Stefan and Preud'homme, 1993; Imholt et al., 2012) . However, this relationship is known to depart from linearity at extreme Ta (Johnson et al., 2014) . Translation from Ta to Tw is non-linear when polynomial regression models are used (Eq. 5). At low temperatures non-linearity becomes more pronounced because Tw is buffered by hyporheic and phreatic water and could freeze when Ta drops substantially below 0ºC (Crisp and Howson, 1982; Johnson et al., 2014) . Thus, the relationship between Ta and Tw could be best described by a logistic function (Eq. 6) (Mohseni et al., 1998) :
where α, β and γ are three logistic regression parameters, which are physically interpretable and have units in ºC. The upper asymptote (α) of the model is the maximum Tw that the This article is protected by copyright. All rights reserved. model can predict. The inflection point of the curve (β) represents the region of Ta with the greatest rate of change of Tw. The gradient in the model at the inflection point (γ) gives the increase of Tw for a unit increase in Ta.
The accuracy of each model was assessed for each site by comparing model outputs to observed values. Two model error parameters were calculated. The mean absolute error (MAE) (Eq.7) and the root mean square error (RMSE) are defined as:
where T simi is estimated mean monthly Tw at i month, T obsi is observed mean monthly Tw at the same time, and n is the number of pairs of mean monthly estimated and observed Tw at each monitoring station.
Correlations between climate indices (NAO and EAO) and mean monthly as well as seasonal Tw in the Danube were calculated using Spearman's rho test at 90 and 95% confidence levels. Spearman's rank correlation coefficient varies between ±1. A correlation of +1 or -1 occurs when each of the variables is a perfectly correlated to the other, and a correlation close to zero means there is a weak relationship between the variables. . This delay is due to the specific heat capacity of water, which is the amount of energy required to raise the temperature of a mass by one degree. The lag is due to the difference between heat capacity of air and water. Owing to the greater heat capacity of water, during the summer months a water body will absorb large amounts of heat as it slowly warms up, while in the winter heat is slowly released from the water as it cools down. Also, this delay maybe be explained by spring snowmelt runoff that depresses Tw.
Thus, river Tw can be seen as an indicator of long-term trends in river heat flow (Pekarova et al., 2008) . The relationship between Tw and Ta at the studied stations is strong with R 2 ranging between 0.94 for linear models to 0.96 for logistic models. Figure 4 shows the logistic regression models for mean monthly Tw in the Danube at the three stations Bezdan, Bogojevo and Veliko Gradište. (Figures 5, 6, 7) .
Statistically significant increasing trends were observed for annual and seasonal minimum and maximum Tw at all sites. The strongest increase was observed at Bogojevo for seasonal maximum Tw, 0.05°C per year on average (Table 3 ). The application of RAPS in this study is used in a complementary way with standard non parametric Mann-Kendall trend test. The characteristics of RAPS are that it could lead to information about the magnitude, start and end dates of trends (Garbrecht and Fernandez, 1994) . Based on the findings presented in Table 3 and Figures 5 to 7 the increasing trend began during the 1980s. Bogojevo and Veliko Gradište, the long-term average annual Tw weighted by the discharge was 12.4°C and 11.9°C, respectively. A statistically significant increasing trend (p<0.05) for average annual Tw weighted by discharge was only found at Bogojevo gauging station.
Long-term trends in weighted Tw at Bezdan and Veliko Gradište did not exibit any statistically significant changes. This indicates that the average heat load in the moving water has not changed over the study period. Similar results were found for Danube Tw at Bratislava gauging station (Pekarova et al., 2008) . The authors found that the intra annual monthly runoff of the Danube at Bratislava changed as a result of increased discharge during the winter half-year but declines in summer (Pekarova et al., 2008) . 
Correlations with NAO and EAO
Annual and seasonal river Tw series were correlated with the NAO and EAO indices.
The resulting correlation coefficients of Danube Tw and NAO index are presented in Table 4 .
Table 4.
Statistically significant values were found for all measures of Tw on an annual basis, except for the summer and autumn at Bezdan station, spring, summer and autumn period at Bogojevo station, and winter and summer for Veliko Gradište station (Table 4) . On an annual basis, correlations are relatively similar across the sites, but the strongest association between Tw residuals and the NAO was recorded at Bezdan for the winter period.
Maximum Tw values for Bogojevo do not correlate with the NAO, although a modest but significant correlation in minimum Tw was present for winter and spring. Maximum Tw residuals were also modestly but significantly correlated with the NAO in winter and spring for the Bezdan station and in spring for the Veliko Gradište station. For minimum Tw, significant correlations were recorded for all stations, with the exception of summer and autumn periods.
Correlations between EAO and Tw are shown in Table 5 . Correlations are positive and statistically significant (p<0.05) for all sites and seasons except for spring at Bogojevo and summer at Veliko Gradište. 
DISCUSSION
Over the past two decades there has been growing interest in river Tw has changed in the past (Webb, 1996) . The studies suggest that changes in climate conditions are already affecting Tw in freshwater ecosystems worldwide (Wilby et al., 2010) . As the stream and river temperature is of great importance (Eaton and Scheller, 1996) , it is of considerable interest to understand how and why the thermal regime changed in the past in order to better predict future modifications (Webb, 1996; Moatar and Gailhard, 2006) . Variations in Tw could be atributted to changes in Ta and atmospheric circulation patterns. It has been shown that Ta is a very strong predictor of Tw in streams and rivers (Webb and Nobilis, 2007) . It has been reported that mean monthly Tw lags behind monthly Ta (Webb 1996; Mohseni and Stephan 1999; Pekarova et al., 2008 Pekarova et al., , 2011 . The strong relationship between mean monthly and annual (R 2~0 .95 and R 2~0 .5 respectively) Ta and Tw at investigated sites correspond to previous findings. For example, Marković et al. (2013) found that Ta describes more than 80% of the variance in Tw.
Additionally, variations in stream flow can significantly affect Tw, mainly through changes in thermal capacity and travel time, and dilution capacity for thermal effluents (van Vliet et al., 2012; Johnson and Wilby, 2015) . At Bezdan, Bogojevo and Veliko Gradište it was found that when high monthly discharge and warm temperatures prevail, the monthly Tw is lower than in the case of low discharges. van Vliet et al. (2012) showed that a decrease in river runoff of 25% and 50% results in significantly lower minimum Tw during winter, but also in significantly higher maximum Tw during summer. This is probably due to the smaller thermal capacity and travel times which increase sensitivity to atmospheric warming and cooling. For the Danube station, a decrease in river runoff results in higher (rather than lower) minimum Tw, and strong increases in high Tw were found (van Vliet et al., 2012) . Tw occurred approximately at the same period.
Trends in Tw may be influenced by more than one climate pattern, which operate over different timescales (Enfield et al., 2001) . Changes in stream and river Tw and discharge during recent decades have been attributed to the North Atlantic Oscillation, Arctic
Oscillation (AO) and East Atlantic Oscillation (Labat, 2010; Pekarova et al., 2003; Kondrashov et al., 2005; Robertson et al., 2001) . Recent studies concerning trends of climate indices based on the daily maximum and minimum Ta showed that NAO and EAO dominated extreme temperature variability in Serbia during summer and winter (Unkašević and Tošić, 2013; Knežević et al., 2014) . Correlations between Ta and EAO in Serbia showed that the extreme temperatures are dominated by EAO and NAO during the winter and summer (Unkašević and Tošić, 2013) . When EAO was in a negative phase, the sea-level preassure was below-average over Europe, and the temperatures were below mean values for Europe and Serbia. When the EAO was in the positive phase, this depresion moved towards the west of the UK and temperatures over Europe and Serbia were above normal. The results obtained in this study are in agreement with the Ta analysis for Serbia (Unkašević and Tošić, 2013; Knežević et al., 2014; Bajat et al., 2014) . There is a statistically significant correlation between Tw and EAO for all gauging stations (p<0.05) (Table 5) . Generally, the highest correlations were found for Bezdan which is the most upstream station. either cope with changing temperatures or to migrate to new habitats may leave rivers species poor, eutrophic, or toxic (Orr et al., 2015) . According to our results Tw is rising in the Danube River. This is crucial for aquatic species, ecosystem and human activities which could face serious deterioration, in the absence of management that is directly designed to address the multiple ways by which climate change affects aquatic ecosystems.
CONCLUSION
The present study represents the first high resolution trend analysis for Tw in the River Danube, Serbia. Ta has been linked to rising Tw in many previous studies (e.g. Pekarova et al., 2011 Pekarova et al., , 2008 Bonacci et al., 2008) 
